Abstract: Given the increase in the frequency, intensity, and persistence of heat waves since the 1970s, and in view of the impacts that extreme temperatures may cause for society and the economy, this study aims to characterize heat waves in the subtropical region of Brazil and compare findings with the criterion defined by the World Meteorological Organization (WMO). Daily maximum temperature data was used. By using the percentile methodology, the subtropical region was divided into two regions: region 1 and region 2. We identified 54 heat waves in region 1 and 34 in region 2, which occurred more frequently in winter and spring, and less frequently in summer. A close relationship was observed between the Pacific Decadal Oscillation (PDO) and El Niño-Southern Oscillation (ENSO), both of which are able to modulate the heat waves in each of the different regions. Region 1 presented the highest number of heat waves during the warm (cold) phase of the PDO. As for ENSO, heat waves were more frequent in the neutral phase in both regions. Finally, there was shown to be an increase in the frequency and persistence of heat waves since the 1980s, especially in region 2. The methodology used in this study allows the identification and characterization of heat waves in several regions of different climates.
Introduction
Given the increasing number of extreme weather events in recent years, the debate over climate change has intensified in the scientific community. Since the 1970s, each decade has been warmer than the previous one, and recently the World Meteorological Organization (WMO) [1] reported that the 21st century has been the warmest recorded yet. The increase in global mean temperature is only one of the consequences of human activity, which causes an increase in greenhouse gas emissions [2] and consequently increases the risk of extreme events, such as heavy rains, heat waves and hurricanes [3] . In addition to the increase in the concentration of greenhouse gases, some studies also suggest that teleconnection patterns, such as El Niño-Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO), influence warming and can often be associated with the formation of heat waves [4] [5] [6] because they may induce different atmospheric circulation responses in both hemispheres. Thus, a certain phase of these phenomena may influence the development of heat waves.
Since there is still no universal definition for determining heat waves, they are broadly defined as events in which the air temperature goes above a given threshold for more than 24 h and may persist for a few days, causing discomfort for most of the population [7] . If these positive temperature anomalies persist for longer periods than the synoptic scale, it is characterized as an extreme event [8, 9] . The WMO uses the Heat Wave Duration Index (HWDI) to determine the occurrence of the phenomenon. It characterizes a heat wave as a sequence of more than five days in which the maximum daily temperature is at least 5 • C above the climatological average. However, this index is contested by some authors, who claim that HWDI has limited usefulness in regions with small annual temperature distribution, as in the tropics [10] [11] [12] [13] . This index characterizes the phenomenon based on two arbitrarily defined constants, which makes it difficult to characterize and compare the heat waves between regions with different climates [13] .
During the last decade, a considerable amount of severe heat waves occurred in several regions of the globe [14] . The impacts of a heat wave vary depending on the affected sites and on the intensity and persistence of the event. Among them are the thermal discomfort generated for the population, mortality due to hyperthermia, problems in water and energy supply in urban centers, as well as damage to plants. This damage decreases agricultural productivity, causes more frequent droughts and, consequently, increases the risk of fires. The intensity of impacts caused by high temperatures varies according to the amount of heat accumulated during the event and the capacity of each site to adapt and mitigate these impacts.
Despite the ongoing debate on extreme positive temperatures, some authors suggest that the global mean temperature increased more slowly between 1999 and 2013 [15] [16] [17] [18] . This period of deceleration was defined by these authors as a "hiatus" in global warming. However, even with this drop in heating rate, several studies show an increase in frequency, intensity and persistence of extreme positive temperatures around the globe [14, 19, 20] . Regional scale analysis about heat waves also indicate an increased frequency and magnitude of events in the last decades in regions such as Africa, [21] , Central Europe [22] , China [23] , India [24] and Australia [14, 25] . In addition, modelling studies have projected global increases in heat waves over the course of the 21st century [26] .
In South America, the mean maximum temperature has increased 1 • C per decade, concomitantly with an increase in the intensity and frequency of heat waves in the last decades [27] . In Brazil, an increase in the intensity and frequency of heat waves has also been observed [28, 29] . However, there are still few studies on the phenomenon in Brazil. Knowing that the subtropical region is more populous and has the largest agricultural and livestock based economy in the country, it is important to study the behavior of this type of phenomenon, so that weather and climate prediction models can be improved. In this study, we examined the characteristics of atmospheric heat waves in South America as well as their relationship with ENSO and PDO. We also considered two different metrics commonly used by the heat wave community and discuss their limitations.
Data and Methodology

Data and Region of Study
This study used daily maximum temperature (Tmax) data in degrees Celsius ( • C) from 1980 to 2013. These data have a grid with spatial resolution of 0.25 • × 0.25 • and were obtained from Xavier et al. [30] . Initially, a preliminary analysis was performed to verify the behavior of temperature anomalies throughout Brazil. For this, the daily anomalies of Tmax were calculated in two ways, both removing the average annual cycle for each grid point and considering the mean Tmax of February 28th and 29th in each leap year:
(i) Based on the HWDI, only the Tmax anomalies higher than 5 • C were considered, then a composition of these anomalies was calculated for each grid point. The average behavior of the anomalies presented in Figure 1 makes clear one of the problems of defining an arbitrary minimum value for the Tmax anomalies.
Brazil, for example, is a country with a large territorial extension and presents different climatic regimes, thus in the case of a pre-defined threshold of 5 • C, the regions closer to the line of the equator do not display good feedback, since their seasonal thermal amplitude, from 1 • C to 2 • C, is very small [31] . Then, with this method, it would only be possible to analyze the heat waves in the subtropics, which have well-defined seasons and greater annual thermal amplitude. (ii) To better characterize the extreme temperatures, the 90% percentile (P90) was calculated for each day of the year and for each grid point; thus, only anomaly values above this threshold were considered. As in the previous item, a composition for the Tmax anomalies was calculated for each grid point.
In Figure 2 , each region shows Tmax anomalies according to its climatic characteristics. Regions near the equator, which are warm year-round and have lower temperature variability [31] , present the lowest values of the P90 threshold. On the other hand, the subtropical regions, where there is greater temperature variability throughout the year [32, 33] and are more influenced by the passage of synoptic systems [28] , such as cyclones, anticyclones and cold fronts, have the greatest anomalies. Therefore, this second method may represent in more detail the characteristics of the heat waves in each region.
The subtropical region of Brazil is subdivided into two other regions with very similar behaviors, enabling the visualization of the spatial extent of the phenomenon, in other words, the horizontal extension of Tmax anomalies, as observed in Figure 2 . Hereafter, these two regions will be referred to as region 1 (34° S to 24.7° S and 57.7° W to 48° W) and region 2 (24.7° S to 20.2° S and 58.3° W to 40.5° W). On average, these two regions presented the most extreme daily anomalies of Tmax-above 3.5 °C-in relation to the other regions of the country. (ii) To better characterize the extreme temperatures, the 90% percentile (P90) was calculated for each day of the year and for each grid point; thus, only anomaly values above this threshold were considered. As in the previous item, a composition for the Tmax anomalies was calculated for each grid point.
DefinitionofHeatWaves inRegions 1 and 2
In Figure 2 , each region shows Tmax anomalies according to its climatic characteristics. Regions near the equator, which are warm year-round and have lower temperature variability [31] , present the lowest values of the P90 threshold. On the other hand, the subtropical regions, where there is greater temperature variability throughout the year [32, 33] and are more influenced by the passage of synoptic systems [28] , such as cyclones, anticyclones and cold fronts, have the greatest anomalies. Therefore, this second method may represent in more detail the characteristics of the heat waves in each region. (ii) To better characterize the extreme temperatures, the 90% percentile (P90) was calculated for each day of the year and for each grid point; thus, only anomaly values above this threshold were considered. As in the previous item, a composition for the Tmax anomalies was calculated for each grid point.
The subtropical region of Brazil is subdivided into two other regions with very similar behaviors, enabling the visualization of the spatial extent of the phenomenon, in other words, the horizontal extension of Tmax anomalies, as observed in Figure 2 . Hereafter, these two regions will be referred to as region 1 (34° S to 24.7° S and 57.7° W to 48° W) and region 2 (24.7° S to 20.2° S and 58.3° W to 40.5° W). On average, these two regions presented the most extreme daily anomalies of Tmax-above 3.5 °C-in relation to the other regions of the country. The subtropical region of Brazil is subdivided into two other regions with very similar behaviors, enabling the visualization of the spatial extent of the phenomenon, in other words, the horizontal extension of Tmax anomalies, as observed in Figure 2 . Hereafter, these two regions will be referred to as region 1 ( To optimize the analyses, the spatial means of daily anomalies of Tmax from 1980 to 2013 for regions 1 and 2 were calculated, reducing the data set into two different time series. Then, the P90 value of each time series was calculated and, from this threshold, the heat waves were defined. The distribution of Tmax anomalies in the two studied regions and the P90 threshold (blue line), which corresponds to approximately 4.1 • C in region 1 and 3.1 • C in region 2, are depicted in Figure 3a ,b. To characterize the intensity of the heat waves, the cumulative Tmax anomalies above P90 (cumulative Tmax) were used, that is, the sum of the Tmax anomalies during each heat wave. To optimize the analyses, the spatial means of daily anomalies of Tmax from 1980 to 2013 for regions 1 and 2 were calculated, reducing the data set into two different time series. Then, the P90 value of each time series was calculated and, from this threshold, the heat waves were defined. The distribution ofTmax anomalies in the two studied regions and the P90 threshold (blue line), which corresponds to approximately 4.1 °C in region 1 and 3.1 °C in region 2, are depicted in Figure 3a ,b.To characterize the intensity of the heat waves, the cumulative Tmax anomalies above P90 (cumulative Tmax) were used, that is, the sum of the Tmax anomalies during each heat wave. Some indices that define heat wavesthrough the P90 threshold of temperaturealready exist in the literature, such as the Warm Spell Duration Index (WSDI) [11] .However an arbitrary value of persistence is still used.In this study, the persistence of the events was defined as the number of consecutive days whenTmax anomalies remained above P90 ( Figure 4 ). Persistence varied from 1 to 13 days in region 1 and from 1 to 15 days in region 2. Nonetheless, in order to account only for events with more extreme and more persistent anomalies, the P90 of persistence was calculated, which corresponded to 4 days in region 1 and 6 days in region 2. Therefore, a heat wave is defined here as when the Tmax anomalies remain above their respective P90 for a period of days greater than the persistence P90.Through this methodology, it was possible to identify the number of heat waves during the 34 years of data for each study region. The seasonal, interannual and interdecadal variability of the phenomenon was also determined in order to verify at which period of the year they are more frequent and how their statistical characteristics (frequency, intensity and persistence) have behaved over the years. Some indices that define heat waves through the P90 threshold of temperature already exist in the literature, such as the Warm Spell Duration Index (WSDI) [11] . However an arbitrary value of persistence is still used. In this study, the persistence of the events was defined as the number of consecutive days when Tmax anomalies remained above P90 ( Figure 4 ). Persistence varied from 1 to 13 days in region 1 and from 1 to 15 days in region 2. Nonetheless, in order to account only for events with more extreme and more persistent anomalies, the P90 of persistence was calculated, which corresponded to 4 days in region 1 and 6 days in region 2. Therefore, a heat wave is defined here as when the Tmax anomalies remain above their respective P90 for a period of days greater than the persistence P90. Through this methodology, it was possible to identify the number of heat waves during the 34 years of data for each study region. The seasonal, interannual and interdecadal variability of the phenomenon was also determined in order to verify at which period of the year they are more frequent and how their statistical characteristics (frequency, intensity and persistence) have behaved over the years.
The ENSO and PDO explain the largest portion of interannual to decadal variability of sea surface temperature (SST) in the equatorial Pacific region, respectively. This variability plays a significant role in the thermal regime on a global scale [34, 35] . In El Niño (La Niña) years, for example, there is an increase in the frequency of severe heat events over southern South America [4] . Thus, this study also observed the role of ENSO and PDO on the frequency, magnitude and persistence of heat waves in each study region.
For each heat wave, it was verified in which phase ENSO was in the month of the event occurred (Appendix A). The ENSO signal was obtained from the website: http://ggweather.com/enso/oni.htm, which is based on the Oceanic Niño Index (ONI). The PDO phases were obtained through the PDO index of the National Centers for Environmental Information (NCEI), from the link: https: //www.ncdc.noaa.gov/teleconnections/pdo/. Then, the statistical test of the difference between two proportions by Spiegel and Stephens [36] was applied from the number of heat waves in each of the phases of the ENSO (PDO) to verify if the differences in the occurrence of heat waves between the phases were statistically significant at the 90% level. In addition, Pearson's correlation coefficients were calculated to analyze if there was a relationship between the ENSO (PDO) phases and the intensity and persistence of the heat waves.
consecutive days whenTmax anomalies remained above P90 (Figure 4 ). Persistence varied from 1 to 13 days in region 1 and from 1 to 15 days in region 2. Nonetheless, in order to account only for events with more extreme and more persistent anomalies, the P90 of persistence was calculated, which corresponded to 4 days in region 1 and 6 days in region 2. Therefore, a heat wave is defined here as when the Tmax anomalies remain above their respective P90 for a period of days greater than the persistence P90.Through this methodology, it was possible to identify the number of heat waves during the 34 years of data for each study region. The seasonal, interannual and interdecadal variability of the phenomenon was also determined in order to verify at which period of the year they are more frequent and how their statistical characteristics (frequency, intensity and persistence) have behaved over the years. 
Results and Discussion
From the calculation of P90 of daily Tmax anomalies and persistence, 54 heat waves were identified in region 1 and 34 in region 2 from 1980 to 2013 (see Table 1 ). The seasonal behavior of these heat waves is shown in Figure 5 . The month that presented the highest number of heat waves in region 1 was July, while in region 2 the highest frequency was in September. Seasonally, the total number of events in region 1 was higher in the winter months in the southern hemisphere, almost 60% of the heat waves occurred in winter ( Figure 5a and Table 1 ). These results are in agreement with other authors [29, 34] , who also found a higher frequency of heat waves in winter in studies on certain regions of Brazil. They stated that this seasonal dependence is due to the atmosphere being more unstable and subject to temperature changes during this time of year. In addition, Damião [38] and Oliveira [39] stated that atmospheric blocks in the South Pacific, a phenomenon that has been attributed to the development of heat waves [5] , are In region 2 ( Figure 5b and Table 1 ), heat waves were more frequent in spring and winter (approximately 40% in each season). Overall, summer was the season with the least heat waves (only 2% in region 1 and 6% in region 2). Some authors have already shown that heat waves outside summer are becoming more frequent in both hemispheres [11, 14] . A possible reason for this increase in heat waves during the cold season is the warming reported during the winter months in southern Brazil [37] .
These results are in agreement with other authors [29, 34] , who also found a higher frequency of heat waves in winter in studies on certain regions of Brazil. They stated that this seasonal dependence is due to the atmosphere being more unstable and subject to temperature changes during this time of year. In addition, Damião [38] and Oliveira [39] stated that atmospheric blocks in the South Pacific, a phenomenon that has been attributed to the development of heat waves [5] , are more frequent and persistent during winter and less frequent in the summer.
The number of heat waves in each year of the analysisis presented in Figure 6 . On average, region 1 had a higher frequency of heat waves (about 1.6 events/year) than region 2 (1 event/year). In region 1, the heat waves presented a more regular frequency since the 80s and 90s, both with 16 events (Figure 6a and Table 2 ), followed by the year 2000, in which 18 events were recorded. However, the differences in frequency between the decades in this region were not statistically significant. In region 2 ( Figure 6b and Table 2 ), the increase in frequency of occurrence from the 1980s (4 events) to the 1990s (9 events) and 2000 (16 events) was much more evident-about 47% of the total events occurred in the last decade analyzed. In this region, there were significant statistical changes at the 90% level from the 1980s to the 2000s. These results are in agreement with other authors [29, 34] , who also found a higher frequency of heat waves in winter in studies on certain regions of Brazil. They stated that this seasonal dependence is due to the atmosphere being more unstable and subject to temperature changes during this time of year. In addition, Damião [38] and Oliveira [39] stated that atmospheric blocks in the South Pacific, a phenomenon that has been attributed to the development of heat waves [5] , are more frequent and persistent during winter and less frequent in the summer.
The number of heat waves in each year of the analysisis presented in Figure 6 . On average, region 1 had a higher frequency of heat waves (about 1.6 events/year) than region 2 (1 event/year). In region 1, the heat waves presented a more regular frequency since the 80s and 90s, both with 16 events (Figure 6a and Table 2 ), followed by the year 2000, in which 18 events were recorded.However, the differences in frequency between the decades in this region were not statistically significant. In region 2 ( Figure 6b and Table 2 ), the increase in frequency of occurrence from the 1980s (4 events) to the 1990s (9 events) and 2000 (16 events) was much more evident-about 47% of the total events occurred in the last decade analyzed.In this region, there were significant statistical changes at the 90% level from the 1980s to the 2000s. A similar feature of the increasing frequency of extreme temperatures in Brazil since 1980 was found by Bitencourt et al. [28] and Geirinhas [29] . In addition, the result can be compared to other regions of the Southern Hemisphere, such as Australia, and regions of the Northern Hemisphere, such as Europe (including the 2003 mega-heatwave that caused thousands of deaths), Canada, A similar feature of the increasing frequency of extreme temperatures in Brazil since 1980 was found by Bitencourt et al. [28] and Geirin has [29] . In addition, the result can be compared to other regions of the Southern Hemisphere, such as Australia, and regions of the Northern Hemisphere, such as Europe (including the 2003 mega-heat wave that caused thousands of deaths), Canada, the United States, China and India, which also reported an increase in the frequency and magnitude of heat waves [14, [22] [23] [24] [25] .
The annual average of the intensity of the heat waves (cumulative Tmax) was slightly higher in region 1 (Figure 7a ), about 41.9 • C/event, than in region 2 (around 40.4 • C/event, Figure 7b ). On the other hand, it could be observed that region 2 presented more persistent events, about 8.8 days/event, than region 1, which presented a mean persistence of 6.6 days/event (Figure 8 ). This characteristic corresponds to what has already been observed in the distribution of the Tmax anomalies and persistence in the box plot analysis (Figures 3 and 4) . Table 2 .Number of heat waves events per decade and decadal means of intensity (°C) and persistence (days) in region 1 (R1) and region 2 (R2). The annual average of the intensity of the heat waves (cumulative Tmax) wasslightlyhigher in region 1 (Figure 7a ), about 41.9 °C/event, than in region 2 (around 40.4 °C/event, Figure 7b ). On the other hand, it could be observed that region 2 presented more persistent events, about 8.8 days/event, than region 1, which presented a mean persistence of 6.6 days/event (Figure 8 ). This characteristic corresponds to what has already been observed in the distribution of the Tmax anomalies and persistence in the box plot analysis (Figures 3 and 4) . As for the frequency, a different behavior can be observed between the two regions in both the intensity of the events and the persistence. The trend detection has been performed to estimate the significance of temporal changes in the annual average of intensity and persistence. Through the trend analysis, it was found that in region 1 the intensity of heat waves decreased over the years (Figure 7a ),but this trend was not significant by the statistical Student's t-test. Meanwhile, region 2 showed a significant increase at a 95% level in the Student's t-test in the intensity of the events (Figure 7b ).The duration of the events presented the same pattern: in region 1 the events were less persistent (not significant) over the years (Figure 8a ), whereas in region 2 the heat waves became significantly more durable at the 95% level (Figure 8b ).The behavior of these characteristics can also be observed in Table 2 . Even with the increasing average global temperature and hot extremes, cooling trends at minimum temperature are also prevalent in some areas, with sufficient observational data in the Southern Hemisphere, such as in southern South America, South Africa and parts of Australia-decreasing up to 0.5 °C per decade in the extratropics [20, 27] . Sillmann et al. [20] affirm that short-term regional cooling trends do not undermine the global long-term warming trend; however, given the negative trend observed in the intensity and persistence of heat waves in region 1, it is to be concluded that this result may be related to the cooling trend observed in the extratropics of South America. Nevertheless, further studies are needed to confirm this theory.
From the characteristics of heat waves obtained in this study, the relation of these extremes with climatic patterns of a global scale was analyzed. The PDO, which presents a decadal variability, remained in the warm phase (PDO+) from 1980 to 1998, for most of the analyzed period (19 years), and in the cold phase (PDO-) from 1999 to 2013 (15 years). In region 1, there were 33 heat waves in the warm phase and 21 in the cold phase (Table 3) . Inversely, in region 2,there were 11 heat waves in As for the frequency, a different behavior can be observed between the two regions in both the intensity of the events and the persistence. The trend detection has been performed to estimate the significance of temporal changes in the annual average of intensity and persistence. Through the trend analysis, it was found that in region 1 the intensity of heat waves decreased over the years (Figure 7a ), but this trend was not significant by the statistical Student's t-test. Meanwhile, region 2 showed a significant increase at a 95% level in the Student's t-test in the intensity of the events (Figure 7b ). The duration of the events presented the same pattern: in region 1 the events were less persistent (not significant) over the years (Figure 8a ), whereas in region 2 the heat waves became significantly more durable at the 95% level (Figure 8b ). The behavior of these characteristics can also be observed in Table 2 .
Even with the increasing average global temperature and hot extremes, cooling trends at minimum temperature are also prevalent in some areas, with sufficient observational data in the Southern Hemisphere, such as in southern South America, South Africa and parts of Australia-decreasing up to 0.5 • C per decade in the extra tropics [20, 27] . Sillmann et al. [20] affirm that short-term regional cooling trends do not undermine the global long-term warming trend; however, given the negative trend observed in the intensity and persistence of heat waves in region 1, it is to be concluded that this result may be related to the cooling trend observed in the extratropics of South America. Nevertheless, further studies are needed to confirm this theory.
From the characteristics of heat waves obtained in this study, the relation of these extremes with climatic patterns of a global scale was analyzed. The PDO, which presents a decadal variability, remained in the warm phase (PDO+) from 1980 to 1998, for most of the analyzed period (19 years), and in the cold phase (PDO-) from 1999 to 2013 (15 years). In region 1, there were 33 heat waves in the warm phase and 21 in the cold phase (Table 3) . Inversely, in region 2, there were 11 heat waves in the warm phase and 23 in the cold phase (Table 4) . Through the statistical test of proportions, the differences in frequency of heat waves between the cold and warm phases of PDO were significant at the 90% level for both regions. In addition, it is possible that the PDO phases induce different atmospheric responses in the two regions, leading to these differences in the behavior of the heat waves in each region. On the other hand, the results found for region 2 are analogous to those reported by Bitencourt et al. [28] , which confirm that heat waves in Brazil increased during the warm phase of the PDO, but increased even more during the cold phase.
For the intensity and persistence of the heat waves in region1, the average values in each phase were very similar and there were no significant differences between the phases. The correlation coefficients (Table 5) presented very small values, suggesting that the percentage of variation explained by the relationship between heat waves and PDO is very low. In region 2, the difference in intensity and persistence of events in each phase was higher than in region 1: in the cold phase the heat waves were about 8 • C more intense and 1.6daysmore persistent than in the warm phase (Table 4) . Bitencourt et al. [28] also found more intense and persistent heat waves in the cold phase of PDO, which began in 1999.However the correlation coefficients in this study presented small values, and what may justify the more intense and persistent heat waves in the negative phase of the PDO (1999-2013) is the positive trend in these variables over the years in region 2 (Figures 7 and 8) .
In addition to the PDO, the relationship between heat waves and ENSO was verified. El Niño and La Niña produce significant changes in atmospheric circulation in the Southern Hemisphere and, consequently, near-surface temperatures, particularly over central and southern South America [4, 40] . Saurral et al. [40] showed the correlation patterns of temperature anomalies with ENSO and reported that during La Niña (El Niño) years, warmer (colder) conditions prevail over the subtropical region of Brazil, while colder (warmer) temperatures prevail over the Pacific coasts of South America, and anomalies of the opposite sign are found east of Australia.
Some authors [37, 41] have analyzed the behavior of maximum temperatures over the southern region of Brazil since the 1960s and stated that the most intense surface warming and increase in the frequency of extreme events occurred from the 1990s to the 2000s, related to the greater frequency and intensity of El Niño events during the 1990s.
In this study, during the 34 years of the analysis, both regions presented a higher frequency of heat waves in periods of neutrality, followed by years under the influence of El Niño (Tables 3 and 4) . Bitencourt et al. [28] and Firpo et al. [34] also analyzed the influence of ENSO on heat waves in Brazil and found an increase in the frequency of these extreme temperatures during the warm phase of ENSO. Grimm and Togatlian [4] found the same response throughout the subtropical region of South America. In Australia, Perkins et al. [42] found significantly more frequent, intense and longer heat waves during El Niño compared to La Niña.
The preference for the occurrence of heat waves during climate neutrality in this study may be related to the fact that most events identified in this study occurred in winter (region 1) and spring (region 2), while the greatest influence of ENSO occurred during the months of November to February [43] . Through the statistical test of proportions, the differences between the frequency of heat waves in neutral periods versus El Niño and neutral periods versus La Niña were significant for both regions. However, the difference between the events that occurred in periods influenced by El Niño and La Niña in both regions was not significant at the 90% level.
In relation to the intensity and persistence of the heat waves, region 1 presented more intense and persistent heat waves in periods of La Niña (Table 3) , opposite to that reported in the literature for Australia [40, 42] . In the La Niña phase, the heat waves were on average 5 • C more intense and almost 1 day more persistent than in periods of El Niño. In addition, they were 4 • C more intense than neutral periods, but with the same persistence. This result was consistent with the warming of the subtropical region of Brazil reported by Saurral et al. [40] at this phase, which may influence the accumulated heat and magnitude of heat waves in this region.
For region 2 (Table 4) , the heat waves were more intense in the neutral phase, about 4 • C more intense than in the La Niña periods and about 3.5 • C more intense than in the El Niño periods. On average, the events were also more persistent at this stage: they presented practically the same persistence in years of El Niño and La Niña, but in neutral years the heat waves were almost 1.5 days more persistent. These results for region 2 may be related to the higher frequency of heat waves in the neutral phase of ENSO.
As for PDO, correlation coefficients were also calculated to evaluate the relationship between heat wave characteristics and ENSO phases (Table 5) . For region 1, the values found were very low, which indicates a low influence of the ENSO phases in the intensity and persistence of the heat waves in this region. For region 2, the variables intensity and persistence presented a negative correlation with El Niño and La Niña, while with the neutral phase, the variables were positively correlated. That is, in the neutral phase, an increase in the intensity and persistence of the heat waves in region 2 occurred (Table 4) .
In 1997, when there was one of the most intense El Niño events [44] , all heat waves in regions 1 and 2 occurred in the warm phase (Appendix A), even in months of less influence from ENSO. This same pattern was observed in the years when El Niño was classified as strong (1987 and 1991) . In 2001, a year that presented the highest number of heat waves (seven) in region 1, all events occurred in periods of neutrality. In region 2, in 2007, under the influence of a strong La Niña, there were a greater number of heat waves (four). However, in the latter case, two heat waves occurred in months where there was no influence from ENSO, and two heat waves occurred in the cold phase.
In a year-by-year observation, the influence of La Niña (12 years) and periods of neutrality (12 years) predominated throughout the study period in relation to El Niño events (10 years). In all El Niño years, heat waves occurred in region 1. In region 1, 8 years of no events were presented (Figure 6a ): 4 years of La Niña (1998, 1999, 2010 and 2011 ) and 4 years of neutrality (1989, 1992, 1996 and 2003) . In region 2, no heat waves were observed in 15 years (Figure 6b ): 4 years of El Niño (1982, 1986, 1991 and 2009 ), 3 years of La Niña (1983, 1998 and 2008 ) and 8 neutral periods (1980, 1981, 1989, 1990, 1992, 1993, 1996 and 2003) .
In region 1, the most intense heat wave occurred in 1995 in the ENSO cold phase, with an accumulated temperature of 75.01 • C during the 11-day event (Appendix A), and the most persistent event lasted 13 days in 2001 in the neutral phase. In region 2, the most intense heat wave was also the most persistent, and occurred in 2012 in the neutral period, accumulating a temperature of 61.70 • C (Tmax anomalies) during the 15 days. Despite the weak relationship shown by the correlation coefficients between temperature extremes and global scale climate variability, there was a temporal coherence between heat waves and ENSO (PDO) and these results suggest that both could modulate the heat waves in each of the regions differently. However to explore and confirm this theory, analyses of the atmospheric patterns surrounding the phenomena are needed.
Conclusions
Defining extreme temperatures has been a challenge up until the present day and there is a consensus in the scientific community that a fixed temperature anomaly threshold is not the best approach to identify atmospheric heat waves. In Brazil, different aspects of the occurrence of heat waves are still lacking, and since the country has a vast territorial extension and presents different types of climate, it is important that heat waves are not defined from arbitrary temperature and/or persistence thresholds. The percentiles technique is not a pioneering technique; however, indexes such as WSDI use a temperature threshold above P90 but define persistence from an arbitrary number of days. Thus, from the percentile technique used in this study, a new index was proposed for the definition of heat waves, which was not based on arbitrary temperature anomaly or persistence values, such as the HWDI and WSDI. The arbitrarily thresholds make it difficult to characterize and compare heat waves between regions with different climates, such as tropics and extratropics [10] [11] [12] [13] , as seen in Figures 1 and 2 . With the new index proposed in this study, heat waves may be defined according to the climatic characteristics of each region, allowing researchers to characterize and compare the phenomenon between regions with different climatic characteristics.
Based on the methodology used, it was possible to determine the spatial extent of the phenomenon, which resulted in the subdivision of the subtropical region of Brazil. Thus, 54 heat waves were recorded in region 1, and 34 in region 2. In addition, it was possible to identify the seasonal, interannual and interdecadal variability of the phenomenon and how their frequency, intensity and persistence have behaved over the years. In region 1, heat waves were more regular since the 80s, while in region 2 they became more frequent from the mid-90s.
Region 1, which presented the highest frequency of events during the analyzed period, also presented the most intense heat waves on average compared with region 2. On the other hand, region 2 presented more persistent events. Through the trend analysis, it was found that in region 1 the intensity and persistence of heat waves decreased over the years, while region 2 presented an increase in the intensity and persistence of the events. According to some authors [20, 27] , cooling trends at minimum temperature have been observed in southern South America, thus the negative trend found in this study could be related to this cooling trend.
With regard to the seasonality of events, in region 1, heat waves were more frequent in the winter (60% of events occur this season) and in region 2 they are more frequent in winter and spring (40% in each season). In both regions, the season that presented the least heat waves was summer, which was also verified by Geirinhas [28] and by Firpo et al. [34] . This result could be associated with the fact that warm periods outside summer are more significantly frequent around the globe [14] . In addition, atmospheric block phenomena, which has been attributed to the development of heat waves [5] , also occur more frequently in winter and spring [38, 39] .
The relationship between the statistical characteristics of heat waves in the two regions and the ENSO and PDO phases was also analyzed. The two regions presented different behaviors regarding climate variability. Region 1 presented a higher frequency of heat waves during the warm phase of the PDO, while in region 2, the heat waves were more frequent during the cold phase. The higher frequency of heat waves in the warm phase of PDO in region 1 may have occurred because the period is longer during this phase. On the other hand, in region 2, heat waves became more frequent from the 2000s, which confirms that heat waves in Brazil increased during the warm phase of the PDO, but increased even more during the cold phase [28] . In region 1, the intensity and persistence of heat waves did not change significantly between the two phases of the PDO, but in region 2, the events were clearly more intense and persistent in the cold phase.
Regarding the relationship with the ENSO phases, most of the heat waves in regions 1 and 2 occurred in periods of neutrality, since heat waves are more frequent in months when the ENSO signal is weaker. Region 1 presented more intense and persistent heat waves in periods of La Niña, while in region 2, the events were more intense and persistent in the neutral phase. Generally, the linear trend analyses of sporadic events do not give significant results on traditional seasonal and regional scales [10] . Thus, despite the weak relationship shown by the correlation coefficients between temperature extremes and ENSO (PDO), these results suggest that there is a close relationship between the phenomena. However, further studies are necessary to investigate the dynamic and thermodynamic aspects of heat waves in Brazil to provide more information about this relationship.
In general, the results obtained here show that the subtropical region of Brazil has been affected by increasingly frequent and persistent heat waves, especially in region 2. This result is in agreement with the studies of Bitencourt et al. [28] and Geirinhas [29] , who reported an increase in the frequency of heat waves throughout Brazil, even during the period known as the global warming "hiatus". Thus, in view of the extreme temperature impacts in a densely populated area such as this, it is important for further studies to be done on heat wave advance, seeking to better understand the dynamic aspects of the phenomenon, to enable predictability and to contribute to the minimization of its impacts. 
